Background: Extracorporeal shock wave therapy (ESWT) is an effective and safe noninvasive treatment option for tendon and other pathologies of the musculoskeletal system.
Introduction
Extracorporeal shock wave therapy (ESWT) has been successfully used for over 20 years to manage a variety of orthopedic conditions. [1] [2] [3] A byproduct of extracorporeal shock wave lithotripsy (ESWL), ESWT has emerged as an acceptable and popular non-invasive management option for tendon and other pathologies of the musculoskeletal system. Prior studies on tendinopathy showed that ESWT can be as or more effective than other forms of treatment including eccentric exercise, traditional physiotherapy, steroid injections, injections of platelet-rich plasma and surgery. [4] [5] [6] [7] One of the primary reasons for the underuse of ESWT is a generalized unfamiliarity with the technique. Prior systematic reviews support the widely accepted notion that ESWT is safe, technically easy to perform and helpful in some conditions. 2, 3, 8 That said, many of these reviews are dated and have also added to the already pre-existing confusion regarding terminology, protocols, energy levels and treatment parameters. The studies that form the basis of these reviews differ greatly in regards to design, protocol, application technique and length of follow-up. This heterogeneity makes it difficult for the practitioner to adopt a 'best practice' approach. Yet there is no shortage in information. A search in PubMed on 'shockwave OR shockwaves OR shock wave OR shock waves OR shock-wave OR shockwaves NOT urol* NOT stone NOT stones' on May 17, 2015 yielded over 5000 citations. For this and the above-mentioned reasons, there remains a need for a concise summary of the evidence for the use of ESWT in clinical practice, as well as for developing a generally applicable 'best practice' protocol for ESWT.
The PEDro database (www.pedro.org.au, 23 October 2015, date last accessed) is a freely available database of over 31 000 randomized controlled trials (RCTs), systematic reviews and clinical practice guidelines in physical and rehabilitation medicine. For each RCT, review or guideline, the PEDro database provides the citation details, the abstract and a link to the full text, where possible. All RCTs listed in the PEDro database (henceforth referred to as 'RCTs in PEDro') are independently assessed for quality (the assessment criteria are summarized in Table 1 ). All but two of the PEDro scale items are based on the Delphi list. 9 PEDro is currently the largest independent database on topics related to physical and rehabilitation medicine and is often used by investigators in Norway, Australia and New Zealand; less so by other European and North American investigators.
The present systematic review used data derived from the PEDro database according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines 10 to compare (i) ESWT with other non-operative treatment for tendon and other pathologies of the musculoskeletal system, (ii) radial ESWT with focused ESWT (see Figs. 1 and 2) and (iii) high-energy ESWT with low-energy ESWT.
Materials and methods
An evidence-based systematic review of literature was performed according to the PRISMA (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) guidelines 10 to examine efficacy and safety of ESWT for orthopedic conditions.
Data source
The PEDro database (www.pedro.org.au, 23 October 2015, date last accessed) was searched from its date of inception to May 17, 2015 to find potentially relevant publications.
Study selection
A first search addressed the key terms shock wave, shock waves, shockwave, shockwaves, lithotrypsy and lithotrypter. Based on the outcome of the first search (as outlined in detail in the next paragraph), a second search was performed on the key terms plantar, Achilles, epicondylitis, subacromial, noncalcific and calcifying.
Data extraction
The outcome of the first search is shown in Figure 3 . We identified n = 209 records in the PEDro database of which n = 47 were duplicates. All reviews (n = 48) were excluded, as well as records that did not address ESWT (n = 3). [13] [14] [15] Furthermore, all ESWT studies on wound healing and chronic decubitus were excluded (n = 5). [16] [17] [18] [19] [20] The remaining records (n = 106) were divided into studies on (i) radial ESWT with positive outcome (i.e. radial ESWT significantly better statistically than either placebo or alternative treatment modalities) (rESWT+; n = 23), (ii) radial ESWT with negative outcome (i.e. radial ESWT not significantly better statistically than either placebo or alternative treatment modalities) (rESWT−; n = 3), (iii) focused ESWT with positive outcome (fESWT+; n = 66) and (iv) focused ESWT with negative outcome (fESWT−; n = 15) (note that one RCT 12 addressed both radial and focused ESWT and, thus, was listed in both groups rESWT+ and fESWT+). For each of these groups (i.e. rESWT+, rESWT−, fESWT+ and fESWT−), mean and standard error of the mean (SEM) of the following variables were calculated: (i) number of treatment sessions; (ii) interval between treatment sessions for those RCTs with more than one treatment session; (iii) number of impulses per treatment session; (iv) energy flux density (EFD) of the impulses; (v) total EFD that was applied (calculated as the product of the number of treatment sessions, the number of impulses per treatment session and the EFD of the impulses) and (vi) PEDro score (between 0 and 10). Comparison of groups was performed using Kruskal-Wallis test (non-parametric analysis of variance) followed by pairwise comparisons using Dunn's multiple • At least one of the interventions being evaluated must be currently part of physiotherapy practice or could become part of physiotherapy practice. However, the study need not be carried out by physiotherapists.
• The interventions should be applied to subjects who are representative (or who are intended to be representative) of those to whom the intervention might be applied in the course of physiotherapy practice.
• The trial should involve random allocation or intended-to-be-random allocation of subjects to interventions.
• The paper must be a full paper (not an abstract) in a peer-reviewed journal. Allocation was concealed. 4 The groups were similar at baseline regarding the most important prognostic indicators. 5
There was blinding of all subjects. 6 There was blinding of all therapists who administered the therapy. 7
There was blinding of all assessors who measured at least one key outcome. 8
Measures of at least one key outcome were obtained from >85% of the subjects initially allocated to groups. 9
All subjects for whom outcome measures were available received the treatment or control condition as allocated or, where this was not the case, data for at least one key outcome were analysed by 'intention to treat'. 10 The results of between-group statistical comparisons are reported for at least one key outcome. 11
The study provides both point measures and measures of variability for at least one key outcome. a This criterion influences external validity, but not the internal or statistical validity of the trial. It has been included in the PEDro scale so that all items of the Delphi scale 9 are represented on the PEDro scale. This item is not used to calculate the PEDro score.
comparison test. Many RCTs in PEDro did not specify whether the reported EFD was the positive EFD (EFD + ) or the total EFD (EFD total ) (details about EFD + and EFD total are provided in Refs. 21, 22 ). Accordingly, calculations of mean EFDs were based on mixed EFD + and EFD total data.
Furthermore, absolute and relative numbers of studies performed with, respectively, electrohydraulic, electromagnetic or piezoelectric shock wave generators were calculated. This was done separately for the groups fESWT+ and fESWT−. Comparison of groups was performed using χ 2 test.
All calculations were performed with GraphPad Prism (version 5.00 for Windows; GraphPad Software, San Diego, CA, USA). A P-value of <0.05 was considered statistically significant.
Finally, we investigated which orthopedic conditions were repeatedly (i.e. more than two times) addressed in the retrieved RCTs on ESWT in PEDro. This was the case for the indications plantar fasciopathy, Achilles tendinopathy, lateral epicondylitis, subacromial pain syndrome, non-calcific supraspinatus tendinopathy and calcifying tendonitis of the shoulder. On this basis, a second search in the PEDro database was performed. For each of the key terms plantar, Achilles, epicondylitis, subacromial, non-calcific and calcifying, we calculated (i) the total number of records, the number of reviews and the number of RCTs in PEDro, (ii) the number of RCTs in PEDro that addressed the corresponding condition and (iii) the number of RCTs on ESWT in PEDro for the corresponding condition. Full-text articles were not assessed for eligibility during the second search.
Results
All studies included in the qualitative synthesis of the first literature search are listed in Tables 2 and 3 . The average number of treatment sessions among all RCTs on ESWT in PEDro was 2.88 ± 0.15 (mean ± SEM; range: 1-12), with highest numbers in RCTs on rESWT+ and lowest numbers in RCTs on fESWT+ (Fig. 4A) . The difference in the mean number of treatment sessions between these two groups was statistically significant (P < 0.01). Fig. 1 Working principle of focused and radial extracorporeal shock wave technology. In case of focused shock waves, single acoustic pulses are generated either with a spark-gap (electrohydraulic principle), a technology similar to a loudspeaker (electromagnetic principle) or piezocrystals ( piezoelectric principle) (details are provided in Fig. 2 ). By means of reflectors of certain shape, the acoustic pulses are converted into a focused acoustic pressure wave/shock wave with a point of highest pressure at the desired target within pathological tissue. In case of radial shock waves, a projectile is fired within a guiding tube that strikes a metal applicator placed on the skin. The projectile generates stress waves in the applicator that transmit pressure waves into tissue. It is of note that any disturbance in the pathway of the acoustic pulses between a focused shock wave source and the target within tissue (such as bone, calcifications, etc.; grey dots in the figures) may result in some parts of the acoustic pulse not reaching the target and, thus, weakening the shock wave energy (i.e. the energy flux density) at the target. The same disturbances would not impact the energy of radial shock waves at the target. This is most probably the reason why in muscle tissue, the energy of focused shock waves was found to be decreased by >50% compared with measurements in water, whereas for radial shock waves, measurements in muscle tissue and water were consistent.
Among those RCTs on ESWT in PEDro with more than one treatment session, the average interval between treatment sessions was 9.13 ± 0.66 days (range: 1-42 days). On average, the longest intervals between treatment sessions were reported for Group fESWT− and the shortest intervals for Group rESWT −. However, there were no statistically significant (P < 0.05) differences between the groups (Fig. 4B) .
The average number of impulses per treatment session among all RCTs on ESWT in PEDro varied only slightly among the groups rESWT+, rESWT−, fESWT+ and fESWT−, with a mean value of 2029 ± 96 (range: 250-6000). There were no statistically significant (P < 0.05) differences between the groups (Fig. 4C) .
The EFD of the impulses applied in all RCTs on ESWT in PEDro was on average 0.19 ± 0.01 mJ/mm 2 (range: 0.03-0.78), with the highest mean value in Group fESWT+ and the lowest mean value in Group rESWT+ (Fig. 4D) . The difference in the mean EFD (1) . The heat generated by this process vaporizes the surrounding water. This generates a gas bubble centered on the first focal point, with the gas bubble being filled with water vapor and plasma. The result of the very rapid expansion of this bubble is a sonic pulse, and the subsequent implosion of this bubble causes a reverse pulse, manifesting a shock wave. By means of reflectors of certain shape (2), this shock wave can be converted into a convergent/focused acoustic pressure wave/shock wave with a point of highest pressure at the second focal point (3). (B) Electromagnetic principle (fESWT): a strong, variable magnetic field is generated by passing a high electric current through a coil (4). This causes a high current in an opposed metal membrane (5), which causes an adjacent membrane (6) with surrounding liquid to be forced rapidly away. Because the adjacent membrane is highly conductive, it is forced away so rapidly that the compression of the surrounding liquid generates a shock wave within the liquid. By means of an acoustic lens (7) of certain shape, this shock wave can be converted into a convergent/focused acoustic pressure wave/shock wave with a point of highest pressure at a focal point (8) . (C) Piezoelectric principle (fESWT): a large number of piezocrystals (9) are mounted in a bowl-shaped device (10) ; the number of piezocrystals can vary from a few to several thousands (typically between 1000 and 2000). When applying a rapid electrical discharge, the piezocrystals react with a deformation (contraction and expansion), which is known as the piezoelectric effect. This induces an acoustic pressure puls in the surrounding water that can steep into a shock wave. Because of the design of the bowl-shaped device an acoustic pressure wave/shock wave can emerge with a point of highest pressure at a focal point (11) . (D) Ballistic principle (rESWT): compressed air ( pneumatic principle; 12) or a magnetic field (not shown) is used to fire a projectile (13) within a guiding tube (14) that strikes a metal applicator (15) placed on the patient's skin. The projectile generates stress waves in the applicator that transmit pressure waves into tissue (16) . between these two groups was statistically significant (P < 0.01). However, one cannot exclude that this resulted from the fact that for many RCTs in Groups fESWT+ and fESWT−, it remained unclear whether the reported EFD was EFD + or EFD total (which is higher than EFD + ; c.f. Refs. 21, 22 ). In contrast, for most studies in Groups rESWT+ and rESWT−, it was known that the reported EFD was EFD + .
Among all RCTs on ESWT in PEDro, the average total EFD applied (calculated as the product of the number of treatment sessions, the number of impulses per treatment session and the EFD of Ps, PEDro score; O, outcome; +, rESWT significantly better statistically than either placebo or alternative treatment modalities; −, rESWT not significantly better statistically than either placebo or alternative treatment modalities; T, shock wave technology; R, radial; EFD, energy flux density; EFD + , positive EFD; EFD total , total EFD; (?), not specified whether EFD + or EFD total ; S, number of treatment sessions; I, interval between treatment sessions (days). The PEDro assessment criteria 2-11 are outlined in detail in Table 1 . Note that the first PEDro assessment criterion (Eligibility criteria were specified) is not used to calculate the PEDro score. fESWT+ and the lowest mean value in Group rESWT+. However, there were no statistically significant (P < 0.05) differences between the groups (Fig. 4E) . The average PEDro score among all RCTs on ESWT in PEDro was 6.33 ± 0.17 (range: 1-9), with the highest mean score in Group fESWT− and the lowest mean score in Group fESWT+ (Fig. 4F) . The difference in the mean PEDro score between these two groups was statistically significant (P < 0.01).
Furthermore, in 17 RCTs on fESWT with positive outcome in PEDro, an electrohydraulic (EH) device was used, in 42 RCTs an electromagnetic (EM) device and in 6 RCTs a piezoelectric (PE) device (in 1 RCT both EH and EM device were used). For the RCTs on fESWT with negative outcome in PEDro, the corresponding numbers were 1 (EH), 13 (EM) and 2 (PE) (1 study with both EH and EM devices). The distribution of numbers of EH, EM and PE devices was not statistically significant (P = 0.229) between RCTs on fESWT with positive outcome and RCTs on fESWT with negative outcome.
The results of the second search are summarized in Table 4 Table 1 . Note that the first PEDro assessment criterion (Eligibility criteria were specified) is not used to calculate the PEDro score.
indications, the corresponding relative numbers of RCTs on ESWT were as follows: Achilles tendinopathy: 11.4% of all RCTs, and 18.5% of those RCTs with PEDro score ≥6. Lateral epicondylitis: 15.1% of all RCTs, and 18.8% of those RCTs with PEDro score ≥6. Non-calcific supraspinatus tendinopathy: 100% of all RCTs. Calcifying tendonitis of the shoulder: 81.3% of all RCTs, and 77.8% of those RCTs with PEDro score ≥6. Subacromial pain syndrome: 4.8% of all RCTs, and 7.5% of those RCTs with PEDro score ≥6.
Discussion

Methodological considerations
Prior systematic reviews attempted to assimilate the raw data from hundreds of studies investigating ESWT so as to draw meaningful conclusions. Unfortunately, many of these reviews, by not defining terminology, and by not drawing a distinction between the various types of ESWT have at times added to the confusion. Concepts such as radial ESWT, focused ESWT, lowenergy ESWT and high-energy ESWT have clinical, practical and economic implications and therefore need explanation by reviewers.
The reliability of the PEDro scale for rating the quality of RCTs was demonstrated 126 and subsequently confirmed independently. 127 Using RCTs derived only from the PEDro database, we sought to (i) clarify some common misconceptions regarding ESWT and (ii) for specific indications, compare ESWT with other forms of non-operative treatment.
A meta-analysis is often very helpful when the efficacy of an intervention is not known. The preponderance of the RCTs derived from our search of the PEDro database demonstrated that ESWT is better than placebo, no treatment or an alternative treatment (>80% of all studies on ESWT in PEDro). However, there are substantial differences among RCTs on ESWT listed in PEDro with regard to clinical condition, study design, ESWT technology and device, treatment protocol and follow-up period. Therefore, we felt a clinical review would be the more appropriate format for our purposes.
We have derived 10 main statements about ESWT based on the RCTs on rESWT and fESWT in PEDro ( Table 5 ). Each statement is briefly substantiated by scientific evidence developed in the present systematic review. References to studies not listed in PEDro were kept at the absolute minimum and marked by an asterisk.
ESWT is effective
The efficacy of ESWT is clearly supported by the cumulative data. 88.5% (23 out of 26) of all RCTs on rESWT and 81.5% (66 out of 81) of all RCTs on fESWT in PEDro had positive outcome (i.e. rESWT or fESWT significantly better statistically than either placebo or alternative treatment modalities).
ESWT is safe
The safety of ESWT was also clearly supported by the cumulative data. There were no reports of serious adverse events in any of the studies included in this analysis.
For certain orthopedic conditions, RCTs on ESWT were the predominant type of RCT listed in the PEDro database and/or obtained the highest PEDro scores among all investigated treatment modalities Both criteria (i.e. predominant type of RCT in PEDro, and highest PEDro scores among all investigated treatment modalities) were fulfilled for the indications plantar fasciopathy, non-calcific supraspinatus tendinopathy and calcifying tendonitis of the shoulder (Table 4) . For Achilles tendinopathy and lateral epicondylitis, respectively, 11.4 and 15.1% of all RCTs in PEDro were RCTs on ESWT, but these RCTs also obtained among the highest PEDro scores among all investigated treatment modalities for these conditions.
For other indications (greater trochanteric pain syndrome, patellar tendinopathy, knee osteoarthritis, long bone fracture, osteonecrosis of the femoral head, proximal hamstring tendinopathy, primary long bicipital tenosynovitis, myofascial pain syndrome, 54, 63 ) adversely affects outcome of ESWT. The molecular mechanisms underlying this phenomenon are not yet fully understood, but substantial evidence points to a central role of the peripheral nervous system in mediating molecular and cellular effects of shock waves applied to the musculoskeletal system.* [130] [131] [132] * These effects could be blocked by local anesthesia. 133 * Thus, it is now generally recommended to apply shock waves without local anesthesia to the musculoskeletal system.
Application of insufficient energy adversely affects outcome of ESWT
The averaged EFD applied in all RCTs on rESWT and fESWT for calcifying tendonitis of the shoulder with positive outcome in PEDro ('averaged EFD') was 0.28 ± 0.04 mJ/mm 2 . This was ∼2.6 times more than the EFD applied in a negative RCT on rESWT for this indication (EFD = 0.11 mJ/mm 2 ). 31 A similar situation was found for treating plantar fasciopathy. Here, the averaged EFD was 0.19 ± 0.02 mJ/ mm 2 , which was more than two times the EFD applied in a negative RCT on fESWT 63 as well as in another negative RCT on fESWT 76 (0.08 mJ/mm 2 ).
Regarding Achilles tendinopathy, averaged EFD was equal to 0.17 ± 0.04 mJ/mm 2 in RCTs on ESWT with positive outcome in PEDro, compared with EFD = 0.06 mJ/mm 2 applied in an RCT on fESWT with negative outcome.
120
There is no scientific evidence in favor of either rESWT or fESWT with respect to treatment outcome 'Which is better, rESWT or fESWT?' A review of the PEDro database demonstrated no scientific evidence in favor of either rESWT or fESWT with respect to treatment outcome. There are very few studies comparing the two techniques. In one such study, 12 better results were reported with fESWT than with rESWT for treating patients with plantar fasciopathy For certain orthopedic conditions, RCTs on ESWT were the predominant type of RCT listed in the PEDro database and/or obtained the highest PEDro scores among all investigated treatment modalities. 4 There was no difference in the 'quality' of RCTs on ESWT in PEDro with positive or negative outcome. 5
Application of local anesthesia adversely affects outcome of ESWT. 6 Application of insufficient energy adversely affects outcome of ESWT. 7
There is no scientific evidence in favor of either rESWT or fESWT with respect to treatment outcome. 8 The distinction between radial ESWT as 'low-energy ESWT' and focused ESWT as 'high-energy ESWT' is not correct and should be abandoned. 9
There is no scientific evidence that a certain fESWT technology is superior to the other technologies. 10 An optimum treatment protocol for ESWT appears to be three treatment sessions at 1-week intervals, with 2000 impulses per session and the highest energy flux density that can be applied.
(EFD was higher in fEWST than in rESWT in this study 12 ). However, using the same rESWT and fESWT devices than in Ref. 12 and the same EFD in fESWT and rESWT, other authors found no difference in effectiveness between rESWT and fESWT for patients with patellar tendinopathy.
*
The distinction between radial ESWT as 'low-energy ESWT' and focused ESWT as 'high-energy ESWT' is not correct and should be abandoned * (Table 6 ). Accordingly, it is not correct to characterize rESWT as low-energy shock wave treatment and fESWT as high-energy shock wave treatment, as different authors have used different thresholds for this distinction. Because there is no consensus in the literature about the difference between low-and high-energy ESWT, this distinction appears arbitrary and should be abandoned.
There is no scientific evidence that a certain fESWT technology is superior to other technologies An optimum treatment protocol for ESWT appears to be three treatment sessions at 1-week intervals, with 2000 impulses per session and the highest EFD that can be applied
This recommendation is based on the quantitative analysis shown in Figure 4 and reflects the average number of treatment sessions and the average interval between treatment sessions among all RCTs on ESWT in PEDro. With respect to the EFD of the impulses (to be as high as possible, i.e. what can be tolerated by the individual patient without application of local anesthesia), this recommendation is based on findings of one study on rESWT for plantar fasciopathy with positive outcome 34 and another study on fESWT for calcifying tendonitis of the shoulder with positive outcome 112 that 'more is better'. There is not a single RCT on ESWT in PEDro, contradicting this 'more is better' recommendation.
Limitations
There are three main limitations inherent to the present systematic review on ESWT. First, with few exceptions, only RCTs on ESWT in PEDro were considered. This approach was adopted to minimize selection bias by using the selection process and criteria of an independent third party that has never been involved in planning, performing and funding any study on ESWT, and to rely on the proven reliability of the PEDro scale for rating the quality of RCTs. Accordingly, all analyses, interpretations and conclusions of the present study are only valid for those RCTs on ESWT in PEDro. Second, no meta-analysis was performed. This was because of the substantial differences among RCTs on ESWT in PEDro with regard to clinical condition, study design, ESWT technology and device, treatment protocol and follow-up period.
Third, because of the first and second limitations, all conclusions of the present study are only valid for those shock wave generators that were used in the RCTs on ESWT in PEDro (Tables 2 and 3 ). This is particularly important considering the substantial variability in treatment success and rates of unwanted side effects found when treating the same clinical condition (lateral epicondylitis) with different electromagnetic and piezoelectric fESWT devices operated at comparable energy settings.
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Conclusion
ESWT has been proven as effective and safe noninvasive treatment option for tendon and other pathologies of the musculoskeletal system in a multitude of high-quality RCTs. For plantar fasciopathy, noncalcific tendinopathy of the supraspinatus tendon and calcifying tendonitis of the shoulder RCTs on ESWT are the predominant type of RCT in PEDro and obtained the highest PEDro scores among all investigated treatment modalities for these conditions. The latter criterion was also achieved for Achilles tendinopathy and lateral epicondylitis, albeit in a smaller number of RCTs. Therefore, ESWT should be considered by medical doctors, therapists, patients and payers when discussing treatment options for certain musculoskeletal pathologies. Future RCTs on ESWT should primarily address systematic tests of the optimum treatment protocol identified in this systematic review (three treatment sessions at 1-week intervals, with 2000 impulses per session and the highest EFD that can be applied) and direct comparisons between radial and focused ESWT.
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